Autophagosomes sequester cytosolic constituents and deliver this cargo to lysosomes for destruction. Two groups now report that autophagosome maturation requires homotypic membrane fusion catalyzed by SNARE proteins.
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Autophagy is the delivery of organelles and cytosolic proteins to lysosomes -or in yeast, vacuoles -for destruction by proteases and lipases. Normal physiological processes like development and adaptive immunity require autophagy, and when autophagy is dysregulated it can contribute to cancer, inflammation, and neurodegeneration [1] . In autophagy, small membranous structures called phagophores, or isolation membranes, expand and enclose regions of cytosol ( Figure 1 ). Phagophores mature into sealed vesicles, known as autophagosomes, which envelop cytosolic materials inside a double membrane. Autophagosomes then fuse with lysosomes to form autolysosomes, where the cytosolic cargo is degraded [2] . (Strictly speaking, this process is known as macroautophagy and is distinct from microautophagy, in which lysosomes directly engulf cytosolic components [3] .) The details of autophagosome maturation remain a mystery, but a key step in the process has now been revealed. In back-to-back papers in Cell, two groups recently reported that autophagosome maturation requires homotypic membrane fusion catalyzed by SNARE proteins [4, 5] .
Moreau et al. [4] focused on autophagosome maturation in mammalian cells. Using siRNA-mediated knockdowns, they first asked whether SNAREs that are known to be important for fusion of late endosomes with lysosomes [6] are needed for autophagy (for aficionados: VAMP7, syntaxin 7, syntaxin 8, and Vti1b). This was done with a clever assay involving a variant of the autophagosome marker LC3, conjugated to a pH-sensitive green fluorescent protein [7] . The authors found that knockdown of SNAREs led to an increase in the number of vesicles positive for LC3 but with a neutral pH, corresponding to immature autophagic structures unable to fuse with lysosomes, and a decrease in acidic LC3-positive structures, that is, mature autophagosomes that had fused with lysosomes [4] .
So SNAREs are needed for autophagosome/lysosome fusion -but this has already been shown by, among others, Fader et al. [8] . To look into events upstream of autophagosome formation, Moreau et al. [4] examined structures bearing the marker Atg16L1, which is present on phagophores but not autophagosomes [9] . In a live-cell assay, the authors counted fusion events involving Atg16L1-positive vesicles and found that SNARE knockdowns sharply reduced the probability of fusion. Moreover, SNARE knockdowns increased the number and reduced the sizes of Atg16L1-positive vesicles and vesicle clusters. The authors next employed an in vitro assay to ask whether SNAREs act directly in fusion of pre-autophagosomal structures. They prepared membrane fractions from cells labeled with green or red fluorescent variants of Atg16L1, mixed the fractions, and measured the level of red and green colocalization after a short incubation. N-ethylmaleimide, which blocks SNARE-dependent membrane fusion [10] , inhibited fusion almost completely [4] .
These experiments demonstrate the need for SNARE proteins in the fusion of pre-autophagosomal structures. Is there a connection between SNARE-dependent fusion and autophagosome maturation? Moreau et al. [4] saw in their cell-free assay that unfused (i.e. red or green) vesicles had much lower levels of the autophagosomal marker LC3 than fused (i.e. yellow) vesicles. The authors went on to show, in live cells, that only large Atg16L1-positive structures were also positive for LC3 [4] . These results suggest that fusion is needed for maturation of Atg16L1-positive pre-autophagosomal structures into LC3-positive autophagosomes. Another possibility exists, of course: that LC3 itself is also needed for fusion and that only the Atg16L1-positive vesicles that already contain LC3 are competent for fusion. As it happens, the yeast homolog of LC3, Atg8p, can catalyze membrane fusion directly [11] -and this finding was the jumping-off point for the second study highlighted here.
Nair et al. [5] , who used yeast for their studies of autophagosome maturation, first revisited the finding that Atg8p/LC3 can catalyze fusion of reconstituted proteoliposomes [11] . Whereas the authors of this previous study used proteoliposomes containing 55% phosphatidylethanolamine (PE), Nair et al. [5] examined the effect of Atg8p on the fusion of proteoliposomes with lower, more physiological PE levels. The concentration of PE on pre-autophagosomal membranes is unknown. Nevertheless, of the organelles variously believed to be the source of membranes for autophagic structures -among them, endoplasmic reticulum, Golgi apparatus, plasma membrane, and mitochondria [12, 13] -none contains a PE concentration greater than 25% [14] . Nair et al. [5] detected no Atg8 p-dependent fusion of proteoliposomes containing 30% PE (although they did see Atg8 p-dependent fusion of proteoliposomes with 55% PE). This observation of membrane fusion only under conditions of unphysiologically high PE makes sense, given that PE is prone to forming non-bilayer structures that may destabilize membranes and promote fusion [15] .
If Atg8p/LC3 does not catalyze fusion of pre-autophagosomal membranes under physiological conditions, then what other factor(s) might play this role? SNARE proteins are obvious candidates, and Nair et al. [5] next examined the requirement for yeast SNAREs for autophagosome maturation. Strains with temperature-sensitive mutations in SNAREs needed for exocytosis (Sec9p and Sso2p, the latter in a strain with a deletion of the gene encoding the related SNARE Sso1p) were generated. At the restrictive temperature, these cells were deficient for autophagy, as assayed by degradation of Atg8p/LC3 in the vacuole. The authors also investigated whether autophagosomes were properly formed, by permeabilizing cells and assaying for the protection of autophagic cargo from added protease. Cells with mutant exocytic SNAREs were unable to form sealed autophagosomes, just like cells that lack the atg1 gene and are blocked at an early stage of autophagy [5] .
These results establish that SNAREs are required for autophagosome maturation in yeast. At what point is the maturation process blocked? Nair et al. [5] saw that, in SNARE mutant cells, recruitment of the autophagosome marker Atg8p/LC3 to the site of autophagosome formation was severely impaired [5] . Using immuno-electron microscopy, the authors next found that clusters of tubulo-vesicular structures positive for the crucial autophagy factor Atg9p were present in wild-type cells but absent from the SNARE mutants.
Rather, Atg9p was observed on small vesicles of roughly 30-40 nm diameter in the mutant cells. Atg9p is thought to direct recruitment of membranes to autophagosomes, but is not itself present on autophagosomes [16] . Thus, the Atg9 p-positive tubulo-vesicular clusters are likely to be membranes in the midst of delivery to immature autophagic structures. Nair et al. [5] have now shown that SNAREs are required for the formation of these transport intermediates.
Moreau et al. [4] and Nair et al. [5] have reached the same general conclusion, that membrane fusion catalyzed by SNARE proteins is needed for autophagosome maturation (Figure 1, steps highlighted in red) . Nevertheless, an obvious difference in their findings warrants mention: Moreau et al. [4] saw that SNAREs from endosomes and lysosomes were necessary, whereas Nair et al. [5] point to a requirement for exocytic SNAREs. Could this discrepancy be due to differing sources of membranes for autophagosomes in mammalian cells (used by Moreau et al. [4] ) and yeast (used by Nair et al. [5] )? Endocytosis, and thus the plasma membrane, is required for autophagy in mammalian cells [12] , though not in yeast [17] . Could membranes for yeast autophagosomes be obtained via a late detour off the secretory pathway? This is doubtful, as Nair et al. [5] found that the secretory vesicle SNAREs Snc1p and Snc2p were not needed for autophagy.
A hint at the basis for this difference in SNARE requirements may be found in biochemical experiments from both studies. First, Moreau et al. [4] showed that tetanus neurotoxin (TeNT) decreases the size of autophagic structures. TeNT is a protease that cleaves many SNAREs of the VAMP family [18] , but not VAMP7 [19] , which the authors have shown to be required for autophagosome maturation [4] . Meanwhile, Nair et al. [5] saw that the exocytic SNAREs Sso1p and Sec9p, both of which are needed for autophagosome maturation, form complexes with several other SNAREs: Tlg2p, Sec22p, and Ykt6p. Mutation or deletion of each of these SNAREs inhibited autophagy (in the case of Tlg2p, only partially) [5] . None of these SNAREs is involved directly in exocytosis. Thus, it seems likely that a multitude of SNAREs, derived from Figure 1 . Overview of autophagy, highlighting new steps identified by Moreau et al. [4] and Nair et al. [5] . Cytosolic components, including proteins and organelles, are enveloped by phagophores, which close to form sealed autophagosomes. Autophagosomes fuse with lysosomes to form autolysosomes, where the cytosolic cargo is degraded. Moreau et al. [4] and Nair et al. [5] have now shown that autophagosome maturation requires SNARE-dependent homotypic membrane fusion, which likely generates a tubulo-vesicular cluster of transport intermediates for delivery to the growing phagophore (steps highlighted in red). ER, endoplasmic reticulum; PM, plasma membrane. many organelles, are needed for autophagosome maturation in both yeast and mammalian cells.
Teasing out the full complement of SNAREs -and SNARE complexes -that are required for autophagosome maturation, and identifying the specific steps at which they act, will no doubt be the object of many years of exciting work. But it is already clear that autophagosome maturation requires SNAREs that also function outside of autophagy. Perhaps, then, the most general lesson to be gleaned from these studies is the flexibility of the SNARE membrane fusion machinery and the crucial role that upstream and downstream regulatory factors must play in shaping intracellular trafficking pathways.
